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ing the detrital material must also be de- 
termined. A significant deviation from the 
6 13C value of the whole plant tissue could 
result, for example, if a heterotroph selec- 
tively assimilated specific carbon com- 
pounds, e.g. lipids, amino acids, or sugars. 
These fractions can have 6 13C values very 
different from that of the whole organism 
(Park and Epstein 11961; Degens et al. 
1968). The marsh grasshopper, however, 
did not appear to fractionate fresh S. alter- 
nif Zora carbon. 
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Morphometric changes in Asterionella formosa colonies 
under phosphate and silicate limitation1 
Abstract-Steady state populations of As- 
terionella formosa show a marked dependence 
of the number of cells per colony on growth 
rate under both phosphate and silicate limi- 
tation. At high steady state growth rates the 
cells per colony average 8. Under phosphate 
limitation, the number of cells per colony de- 
creases with decreasing steady state growth 
rate in a linear manner to less than 2 cells col- 
ony’ at very low growth rates. Under sili- 
cate limitation, the number of cells per col- 
ony increases with decreasing steady state 
growth rate in an approximately exponential 
manner to over 20 cells colony-l at very low 
growth rates. 
’ This work was supported by National Science 
Foundation grant GB-41315 to P. Kilham, by a 
Rackham predoctoral fellowship to D. Tilman, and 
an affirmative action fellowship to S. S. Kilham. 
When terrestrial plants are deficient in 
a particular nutrient, there are specific 
symptoms that allow easy detection of the 
nutrient involved (Sprague 1964). Holmes 
( 1966) has reported cytological changes 
induced by a specific nutrient limitation 
for several species of marine planktonic di- 
atoms. Such changes allow an investigator 
to rapidly determine which nutrient may 
be limiting the growth of these species. 
Morphological changes, with an apparent 
relation tot seasonal population cycles, 
have been reported for Asterionella for- 
mosa Hass., a major planktonic diatom in 
midlatitude mesotrophic lakes and im- 
poundments (Lund et al. 1963; Lund 1949; 
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Gardiner 1940-1941; Hutchinson 1967). 
For instance, Lund et al. (1963) reported 
that natural populations of Asterion& av- 
eraged 8 cells colony-l during the period of 
maximal growth in the spring bloom of 
Windermere, England. Just after the 
bloom peaked, at which time the growth 
rate of Asterionda was considered to be 
limited by silicate, colony size increased to 
10 or more cells colony-l. By midsummer, 
after the Asterionellu population had fal- 
len precipitously, the number of cells per 
colony decreased to 24. This was followed 
by an increase to over 10 cells colony-l 
during the relatively minor autumnal di- 
atom bloom, also characterized as silicate 
limited. Phosphate and silicate are the two 
nutrients most often found to limit the 
growth rate of phytoplankton in lakes, al- 
though other nutrients may be important in 
some cases. 
During short tern-r growth experiments 
on AsteriorwZZu in the laboratory (Kilham 
1975; Titman 1976a; Tilman and Kilham 
1976) we observed changes in the num- 
ber of cells per colony which seemed de- 
pendent ton two factors: the rate of growth 
of the population and the particular nu- 
trient limiting that growth. Specifically, 
under conditions in which phosphate was 
limiting the growth of AsterioneZZa, the 
number of cells per colony decreased from 
the usual 8 to as low as 2. The more slowly 
growing populations (i.e. more phosphate 
limited) had fewer cells per colony. Under 
silicate limiting conditions, we never ob- 
served cultures that averaged <7 or 8 cells 
colony-l. The more silicate limited cul- 
tures were, the more cells per colony there 
were. Under extreme conditions we ob- 
served 20 cells colony-l as a population 
average. 
To explore this observation further, we 
decided to look at colony size in popula- 
tions of AsterioneZZu grown at various 
steady state growth rates under silicate or 
phosphate limitation. We assumed that the 
tendencies we observed in short term cul- 
tures would approach a limit as the popu- 
lation reached specific steady state growth 
rates under nutrient limiting conditions. 
We used a flow-through, semicontinuous 
method. The A. formosa used is an axenic 
clone (FraAf) isolated from Frains Lake, 
Michigan. Cultures were grown at 2O”C, 
on a 14-10-h light-dark cycle, with illumi- 
nation of ca. 100 PEin m-” s-l, in medium 
“WC” (Guillard and Lorenzen 1972), 
modified so that either phosphate or sili- 
cate would be the limiting nutrient. The 
AstedorwZZu population was allowed to grow 
to steady state in semicontinuous cultures. 
For the phosphate experiments, the influ- 
ent concentrations were 0.25 PM and 1.00 
PM PO*-P (with 100 PM SiOa-Si). For 
the silicate experiment, the influent con- 
centration was 8.5 PM SiOz-Si (with 50 
PM PO,-P ) . For each influent concentra- 
tion, cultures were run at several (5-6) 
flow rates from 0.05 to 0.6 d-l. Cultures 
were manually diluted each day by remov- 
ing a portion (of the culture suspension and 
replacing it with an equal volume of sterile 
medium. Flow rates (f) are expressed as 
the volume removed per day to the total 
culture volume. For semicontinuous cul- 
tures, the steady state growth rate (D; 
equal to the dilution rate at steady state) 
depends on f as: D=ln[l/(l-f)]. All 
cultures were sampled periodically at 
which time extracellular and internal levels 
of phosphate (Menzel and Gorwin 1965; 
Strickland and Parsons 1972) and silicate 
(Strickland and Parsons 1972) were mea- 
sured, and population size and cells per 
colony were determined microscopically. 
Experiments were ended when nutrient 
concentrations and cell numbers had been 
at steady state for a week, usually after 
about 25 days. 
As cultures approach steady state (i.e. 
extracellular and internal concentrations 
and population size become constant), the 
number of cells per colony also approaches 
a constant value. The steady state values 
for colony size vs. growth rate are shown 
in Fig. 1. Under phosphate limitation, cul- 
tures at the lowest growth (flow) rate 
studied average <2 cells colony-l. As 
growth rate increases to the maximal rate 
of growth (0.80 d-l), the number of cells 
per colony increases up to 8 in a linear 
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Fig. 1. Nutrient dependent morphometric 
changes in colony size of steady state cultures 
of Asterionellu formosa grown under phosphate or 
silicate limitation in flow-through culture. Steady 
state growth rates shown are equal to dilution 
rate of each culture and thus are expressed in 
terms of natural logarithm ( In ) . 
manner (correlation coefficient, r = 0.98). 
Under silicate limitation there are over 20 
cells colony-l at a steady state growth rate 
of 0.13 d-l, decreasing in an approximately 
negative exponential manner (r = 0.78) 
with increasing growth rate, to a lower 
limit of ca. 8 cells colony-l at higher steady 
state growth rates. At rates near the maxi- 
mal rate of growth, AsteriondZa is barely 
limited by any nutrient. 
Because it is unlikely that steady state 
conditions prevail in lakes, colony morphol- 
ogy should not be used to estimate the ab- 
solute rate of growth of natural Asterio- 
nella populations. If silicate and phosphate 
are the nutrients most likely limiting As- 
terionella populations in nature, increases 
in colony size above 8 cells colony-l would 
be indicative of silicate limitation, and de- 
creases below 6-8 cells colony-l would be 
indicative of phosphate limitation. The 
more the colony size deviates from the 
value of 8 cells colony-l, the greater should 
be the extent or duration of limitation by 
the growth rate limiting nutrient. 
These morphological differences indicate 
that colony size of Asterionellu may be 
used to assess whether a natural population 
is silicate or phosphate limited. If Asterio- 
neZZ.u in Windermere responds to nutrient 
limitation as it does in Frains Lake, the 
suggestion of Lund et al. (lQ63) that the 
decline of Asteriondlu after the spring 
bloom may have been due to silicate lirni- 
tation would be supported by our results, 
because colonies averaged >lO cells col- 
ony-l in that period. Our results would 
also indicate that after the population de- 
cline in Windermere, the cells that were 
left (at very low population levels) prob- 
ably became phosphate limited (or at least 
not silicate limited) because the colony size 
decreased to about 4-2 cells colony-l. Gar- 
diner ( 1940-1941) reported a decrease in 
colony size of AsterioneZZu during the spring 
bloom in three London reservoirs from a 
high of 6.9 cells colony-l to 2.1 cells colony-l 
40 days later; our results would indicate 
that the AsterioneZZu was probably phos- 
phate limited at this time. 
Similar variations in colony size or shape, 
or in cytology of cells, have been observed 
in other species of freshwater algae (Hutch- 
inson 1967; Trainor 1969; Lind and Croas- 
daIe 1966; Shubert and Trainor 1974). 
These species may also prove useful in un- 
derstanding the nutrient status of phyto- 
plankton and deserve careful laboratory and 
field investigation, 
Morphological indications of the nutrient 
status of one species must be used with cau- 
tion in application to other species in a 
phytoplankton community. For instance, if 
another diatom uses silicate more efficiently 
than Asterionelkz, its growth rate may be 
limited by a different nutrient (e.g. phos- 
phate) at the same time that AsterioneZZu 
is silicate limited (Titman 1976~). Many 
careful experiments in nutrient physiology 
must be done for the important species. 
Then, by knowing the ratio of silicate to 
phosphate at which each species is equally 
limited by both nutrients (see Titman 
1976uJ; Droop 1974; Rhee 1974), we may 
be able to use nutrient-related morphologi- 
cal changes of one or a few species in a 
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community to assess the nutrient status of 
each species for which physiological infor- 
mation is available. 
David TiZmun2T 3
Susan Soltuu Kilham 
Peter Kilhum 
Division of Biological Sciences 
Natural Sciences Building 
University of Michigan 
Ann Arbor 48109 
References 
DROOP, M. R. 1974. The nutrient status of algal 
cells in continuous culture. J. Mar. Biol. As- 
soc. U.K. 54: 825-855. 
CARDINER, A. C. 1940-1941. Fluctuations in the 
number of cells per colony of the diatom, 
Asterionella formosa. Proc. Linn. Sot. Lond. 
153: 160. 
GUILLARD, R. R., AND C. J. LORENZEN. 1972. 
Yellow-green algae with chlorophylide c. J. 
Phycol. 8: 10-14. 
HOLMES, R. W. 1966. Light microscope obser- 
vations on cytological manifestations of nitrate, 
phosphate, and silicate deficiency in four ma- 
rine centric diatoms. J. Phycol. 2: 136-140. 
HUTCHINSON, G. E. 1967. A treatise on limnol- 
ogy, v. 2. Wiley. 
KILHAM, S. S. 1975. Kinetics of silicon-limited 
growth in the freshwater diatom Asterionella 
formosa. J. Phycol. 11: 396-399. 
LIND, E. M., AND H. CROASDALE. 1966. Varia- 
tion in the desmid Staurastrum sebaldi var. 
ornatum. J. Phycol. 2: 111-116. 
LUND, J. W. 1949. Studies on Atierionellu. 1. 
2 Present address: Department of Ecology and 
Behavioral Biology, 108 Zoology Building, Uni- 
versity of Minnesota, Minneapolis 55455. 
3 Formerly David Titman. 
The origin and nature of the cells producing 
seasonal maxima. J, Ecol. 37: 389-419. 
F. J. MACKERETH, AND C. H. MORTIMER. 
1963. Changes in depth and time of certain 
chemical and physical conditions and of the 
standing crops of Asterionella formosa Hass. 
in the North Basin of Windermere in 1947. 
Phil. Trans. R. Sot. Lond. Ser. B 731: 25% 
290. 
MENZEL, D. W., AND N. CORWIN. 1965. The 
measurement of total phosphorus in seawater 
based on the liberation of organically bound 
fractions by persulfate oxidation. Limnol. 
Oceanogr. 10: 280-282. 
RHEE, G-Y. 1974. Phosphate uptake under ni- 
trate limitation by Scenedesmus sp. and its 
ecological implications. J. Phycol. 10: 470- 
475. 
SHUBERT, L. E., AND F. R. TRAINOR. 1974. 
Scenedesmus morphogenesis. Control of the 
unicell stage with phosphorus. Br. Phycol. J. 
9: l-7. 
SPRAGUE, H. [ed.]. 1964. Hunger signs in plants: 
A symposium. McKay. 
STRICKLAND, J. D., AND T. R. PARSONS. 1972. A 
practical manual of seawater analysis. Bull. 
Fish. Res. Bd. Can. 167. 
TILMAN, D., AND S. S. KILHAAX. 1976. Phos- 
phate and silicate growth and uptake kinetics 
of the diatoms Asterionella formosa and Cy- 
clotella meneghiniana in batch and semicon- 
tinuous culture, J. Phycol. in press. 
TITMAN, D. 1976a. Ecological competition be- 
tween algae: Experimental confirmation of re- 
source-based competition theory. Science 
192: 463-465. 
-. 1976b. Interspecific competition for re- 
sources : An experimental and theoretical 
study. Ph.D. thesis, Univ. Michigan. 76 p. 
TRAINOR, F. R. 1969. Scenedesmus morphogen- 
esis. Trace elements and spine formation. J. 
Phycol. 5: 185-190. 
Submitted: 22 January 1976 
Accepted: 12 July 1976 
